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We investigate photoproduction of axial vector meson f1(1285) based on the CLAS experiment
γp → pf1(1285) → pηpi+pi− using the Regge model for ρ0 + ω exchanges. The combined analysis
of γp → pη′ → pηpi+pi− reaction including η(1295) is accompanied to evaluate the decay mode
η(1295) → ηpi+pi− from the potential overlap with the f1 reaction. The predominance of ρ0(770)
exchange over the ω(782) with the coupling constant γρ0f1 extracted from the CLAS experiment
leads to a good description of the measured cross sections for f1, while the scale of the cross section
is corrected by the branching fraction η′ → ηpi+pi−, and f1 → ηpi+pi−, respectively. As an extension
to study the nonmesonic production mechanism, the Primakoff effect by the virtual photon exchange
is investigated in the exclusive reaction γp→ pf1 up to
√
s ≈ 50 GeV, finding that it plays a similar
role to the Pomeron in the vector meson photoproduction at high energies. Such an unique role of
the virtual photon exchange similar to the f1 case is identified up to
√
s ≈ 250 GeV in the γp→ ppi0
and γp→ pη as well as γp→ pη′ reaction.
PACS numbers: 13.60.Le, 13.60.-r, 13.60.Rj
I. INTRODUCTION
The axial vector meson f1(1285) of spin-isospin and
parity quantum numbers IGJPC = 0+(1++) has many
interesting aspects from the standpoint of QCD; the mix-
ing of gluon contents in the f1 wave function associated
with U(1)A anomaly [1] and its application to vector me-
son photoproduction [2, 3], the Primakoff effect via the
f1 → γ∗γ decay in the presence of electromagnetic in-
teraction [4], and the branching ratio f1 → a0π ≈ 36%
which is large enough to study the exotic four-quark state
a0(980) [5]. Moreover, the decay width Γf1 = 22.7± 1.1
MeV from Particle Data Group (PDG) (and 18.4±1.4
MeV from the recent measurement by the CLAS Col-
laboration [6]) is much smaller than the typical me-
son decay width, which can be advantageous in find-
ing the formation of exotics such as π1(1400) via the
γp→ ∆π1 → pηππ process [7–12].
Recent reports of differential cross sections for γp →
pf1(1285) measured from the reaction γp→ pηπ+π− by
CLAS Collaboration [6] draw our attention, because it
is the first measurement to provide information on the
static and dynamical properties of f1 meson that can
access the above issues through theoretical studies and
comparisons of experiments on f1 photoproduction. On
the other hand, however, the existing models that pre-
dict f1 photoproduction [13, 14] using the ρ
0 + ω Regge
poles in the t-channel are poor to agree with CLAS ex-
perimental data. This is mainly because their contribu-
tions with the anomaly coupling constants of γρ0f1 (and
γωf1 ≈ 13γρ0f1) determined from PDG are too large to
be consistent with data. Furthermore, since the exclusive
reaction γp → pf1 should be reconstructed through the
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multi-meson production in the final state from the afore-
mentioned CLAS data, experimental circumstances such
as the branching ratio f1 → ηπ+π− should be consid-
ered in the analysis of CLAS data for the single process
γp→ pf1.
In this work, we investigate photoproduction of f1
based on the CLAS data of the reaction γp → pηπ+π−
using a Reggeized model for ρ0 + ω exchanges. We re-
call that the data were extracted from the experiment in
which case the interference of η(1295) photoproduction
was neglected in the region overlapping with f1(1285).
Viewed from the PDG, productions of η′ and η(1295) as
well as f1(1285) are other sources of decay to ηπ
+π−, so
the reactions γp → pη′ and γp → pη(1295) are also in-
volved in the reaction γp→ pηπ+π−. Thus, we examine
the respective contributions of η′ and η(1295) photopro-
ductions to the CLAS data first, starting from photopro-
ductions of these η’s. The f1 photoproduction will then
be described with the trajectories of ρ0 + ω Regge poles
and their V NN coupling constants the same as in the
case of η and η′. The reliability of model prediction is
confirmed by the roles of ρ0+ω Regge poles in the η and
η′ cases, which were rather well established in previous
studies [15, 16]. In the model study of f1 photoproduc-
tion, the ρ0 exchange plays the leading role over the ω.
Therefore, it is of importance to consider the decay width
f1 → ρ0γ more appropriate for a consistent description
with CLAS data. As mentioned earlier, the PDG value
is very large and there is a significant difference from the
one extracted from the CLAS experiment. In Ref. [4] this
issue was revisited to evaluate the decay width f1 → ρ0γ
based on the well-known triangle diagram for the AV V
coupling vertex. The quark loop calculation using Bose
symmetry and gauge invariance yields the decay width
f1 → ρ0γ much smaller than the PDG value, supporting
the one extracted from the CLAS experiment [6].
In addition to the vector meson exchange we consider
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2another subprocess of nonmesonic exchange that has dif-
ferent energy dependence from vector mesons. By the
C-even property of f1 meson and η as well, the virtual
photon of C-odd is allowed to exchange in the t-channel,
the so-called the Primakoff effect that manifests itself at
very forward angles as a rapid enhancement in the dif-
ferential cross section [17, 18]. In the energy range of
the CLAS experiment where the vector meson exchanges
are dominant the Primakoff effect is expected to be sup-
pressed by the charge coupling with the nucleon. Nev-
ertheless, since the exchange of virtual photon is not to
be Reggeized, its role could become significant at high
energy, where there is decrease of vector meson exchange
according to the energy dependence ∼ sαV (0)−1.
Now that the Primakoff effect in the photoproduction
of η and of η′ is related to the flavor mixing of η-η′ (the
theme of the PrimEx project at CLAS [19] and the cur-
rent upgrade to GlueX at CLAS12), measurements of the
Primakoff effect in the reaction can give clues to under-
standing the structure of the flavor symmetry, e.g., the
mixing of flavor octet and singlet between η-η′, and so
is the mixing between f1(1285)-f1(1420) [20]. This point
will be addressed in the context of the two-gamma decay
in the photoproduction of pseudoscalar meson π0, η and
η′, and will be extended to the Primakoff effect in the
γp→ pf1 reaction at high energies.
This paper is organized as follows: In Section II, pho-
toproductions of η, η′ and η(1295) on proton target are
investigated in the Reggeized model for ρ+ω exchanges.
Sec. III devotes to an analysis of the exclusive f1 pho-
toproduction on proton from the multimeson reaction
γp → pηπ+π− within the same approach as in Sec. II.
Differential and total cross sections for the CLAS exper-
iment are reproduced in the subsection (a). Predictions
for the energy dependence of differential cross section and
the beam polarization asymmetry are presented to dis-
tinguish between the reactions aforementioned for future
experiments. The Primakoff effect by the virtual photon
exchange is studied in the photoproduction of f1 in the
subsection (b), and π0, η and η′ cases in (c). Summary
and conclusion are given in the Section IV.
II. PHOTOPRODUCTIONS OF η(548), η′(958),
AND OF η(1295) ON THE PROTON TARGET
As the threshold energies of the exclusive processes
γp → pη(1295) and γp → pf1(1285) are over the re-
gion
√
sthres. ≈ 2.2 GeV, the contribution of nucleon
resonances in the direct and crossed channels are not ex-
pected, and, hence, it is good to consider only the t-
channel meson exchange for the description of these re-
actions.
In this section we treat the photoproduction of η′ and
η(1295) in a single framework where the vector meson ex-
change is reggeized with vector meson nucleon coupling
constants (V NN) common in all the reactions we are
dealing with in the current work. For consistency, let
us start from γp → pη(548) to provide a basic formal-
ism which will be extended to η′ and η(1295) with each
radiative decay constant determined from the empirical
decay width for the different η mass, respectively.
For the exclusive η photoproduction on nucleon,
γ(k) +N(p)→ η(q) +N(p′) (1)
we denote the particle momenta k, q, p and p′ to stand
for the incident photon, outgoing η meson, and the ini-
tial and final nucleons, respectively. s = (p + k)2 and
t = (q−k)2 are the Mandelstam variables in the reaction
kinematics. We restrict our discussion only to the pro-
duction mechanism by the meson exchanges, as depicted
in Fig. 1, for our purpose here is to see how the meson
exchanges work well in the kinematical region of η(1295)
and f1(1285) photoproductions.
The photoproduction amplitude for the exchange of
C-odd vector meson on nucleon is written as,
M(γN → Nη) = ±ρ+ ω, (2)
with the sign of ρ for proton and neutron, respectively.
The effective Lagrangians for the vector meson ex-
change is written as
LV NN = N¯
(
gvV NNγ
µ +
gtV NN
2M
σµν∂ν
)
VµN (3)
LγηV = gγηV
4m0
ǫµναβF
µνV αβη +H.c., (4)
and the corresponding production amplitude is given by
MV = gγηV
m0
ǫµναβǫ
µkνQα
(
−gβρ + Q
βQρ
m2V
)
×u′(p′)
(
gvV NN γρ +
gtV NN
4M
[γρ, /Q]
)
u(p)RV (s, t). (5)
Here, ǫµ is the incident photon polarization and Qµ =
(q− k)µ is the momentum transfer in the t-channel with
Q2 = t. The coupling constant is normalized by the mass
parameter m0 chosen to be 1 GeV.
The Regge pole for spin-1 vector meson is given by
RV (s, t) = πα
′
V × phase
Γ[αV (t)] sinπαV (t)
(
s
s0
)αV (t)−1
(6)
for the vector meson V (= ρ, ω) collectively.
The choice of ρ trajectory is not unanimous. Viewed
from the reactions [21, 22] where the single ρ exchange is
involved to test its role, it is better to choose ρ trajectory
as
αρ(t) = 0.9 t+ 0.46, (7)
αω(t) = 0.9 t+ 0.44, (8)
and for the ω trajectory as well with the coupling con-
stants gvρNN = 2.6 and g
t
ρNN = 9.62. For the ωNN
couplings, we use gvωNN = 15.6 and g
t
ωNN = 0 consis-
tent with the ratio fρ : fω = 1 : 3 by the vector meson
dominance.
3N(p) N(p′)
ρ, ω(Q)
γ(k) η(q)
FIG. 1. ρ and ω exchanges in the exclusive η photoproduc-
tion. Qµ = (q − k)µ denotes the momentum transfer in the
t-channel.
TABLE I. Compilation of coupling constants used for the eta-
maid [15] and Regge model [13] for η photoproduction. Ra-
diative coupling constant gγηV is given in units of GeV
−1.
η-MAID [15] Regge model [13] This work
gγηρ 0.448 - 0.448
gγη′ρ 0.392 - 0.36
gγη(1295)ρ - 0.0566 0.0566
gvρNN 2.4 3.9 2.6
gtρNN 8.88 23.79 9.62
gγηω 0.16 - 0.106
gγη′ω −0.136 - 0.12
gγη(1295)ω - 0.0189 0.0189
gvωNN 9 10.6 15.6
gtωNN 0 0 0
The radiative decay constant gγηV is determined from
the measured decay width,
ΓV→ηγ =
1
96π
g2γηV
m20
(
m2V −m2η
mV
)3
. (9)
For the process γp → pη′ and γp → pη(1295) in which
cases the decay modes are reversed, i.e., η′ (η(1295)) →
V , the decay width in Eq. (9) is multiplied by the fac-
tor of 3 to recover the initial η′ (η(1295)) spin degree of
freedom.
Given the trajectories in Eqs. (7) and (8) together
with the ratios gγηρ/gγηω ≃ 4 and 2gvρNN/gvωNN ≃ 1/3
in Table I, the ω exchange is expected to give the contri-
bution quite the same as the ρ, if the same phase is taken.
This observation could be valid for η′ and η(1295) as well
within the present framework. We choose the complex
phase e−ipiαV (t) for both ρ and ω Reggeons in the case of
proton target, because there is no dip from the nonsense
zeros of the Regge poles in the differential cross section
data [23–25]. This agrees with the general features of re-
action cross sections. For the reaction γn→ nη, we take
the constant phase 1 for ρ, and −1 for ω Reggeons for a
better description of the total cross section.
To illustrate the validity of the ρ + ω Reggeon ex-
changes for the reaction γN → Nη, we present the scaled
differential cross section by the factor (s −M2)2 repro-
duced at Eγ = 3 GeV(solid curve), beam polarizations
at Eγ = 3 GeV(dash-dotted) and Eγ = 9 GeV(solid),
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FIG. 2. Scaled differential cross section, beam polarization,
total cross sections for γp → pη and total cross section
for γn → nη. The solid curve results from ρ + ω Reggeon
exchanges. Scaled differential cross section at Eγ = 3 GeV
is shown with data taken from Ref. [26], and for beam
polarization with respect to −t at Eγ = 3 GeV [26] and at
9 GeV [9]. Data for pη total cross section at Eγ = 4 and 6
GeV are from the integration of DESY differential data in
Ref. [23] and open squares in the 1.6 ≤ Eγ ≤ 6.3 GeV are
from AHHM data in Ref. [27]. Data for resonance peaks are
from world dataset [28–30].
and the respective total cross sections for γp → pη and
γn→ nη as well in Fig. 2. The (red) dashed and (blue)
dash-dotted curves correspond to the ρ and ω Reggeon
contributions to differential and total cross sections from
a proton taget, respectively. As mentioned before, they
play the role roughly equal to each other. A few remarks
are in order; η photoproduction is sensitive to a choice
of phase of Reggeon as well as the ρ trajectory between
αρ = 0.8t + 0.55 and that in Eq. (7). In the former
case, it is advantageous to choose one of the Reggeon,
i.e., ω to have the exchange-nondegenerate phase. But,
in that case, the contribution of the ω is suppressed, and
the production mechanism resulting from the dominance
of ρ over the ω would be quite different from the present
one as shown in Fig. 2.
In the meanwhile, most of the Regge models for η
photoproduction introduce hadron form factors at the
γηV and V NN vertices to fit to experimental data [15].
However, it is natural to dispense with such form factors
in the Regge amplitude, because it contains the gamma
function Γ(αV (t)) in Eq. (6) to suppress the singularity
from the sequential zeros of sinπαV (t). Thus, as demon-
strated in Figs. 5 and 6, the present approach without
form factors is less model dependent than those in Refs.
[13, 14] to describe the CLAS data.
In the next we calculate the exclusive γp → pη′ and
η(1295) within the same framework. However, in order
to compare with the CLAS data from the multimeson
photoproduction process γp → η(958)p → pηπ+π−, we
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FIG. 3. Differential cross section dσ/dΩ versus cos θ for
γp → pη′(958). The solid curve results from ρ + ω Reggeon
exchanges with a factor of 0.43 taken to account for the
branching fraction from the γp → pηpi+pi− experiment.
Below
√
s ≈ 2.55 GeV there is a room for nucleon resonances
to contribute to the backward rise as well as the forward
enhancement. Notations for ρ and ω contributions are the
same as in Fig. 2. Data are taken from Ref. [6].
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FIG. 4. Total cross sections for γp→ pη′ and γp→ pη(1295).
The solid and dotted curves correspond to η′ and η(1295) pro-
duction cross sections scaled by the branching ratio. For com-
parison, the dashed curve for η′ cross section without scaling
is presented to reproduce the AHHM data [27].
consider the branching ratio Γη′→ηpi+pi−/Γη′→all ≈ 43%,
from PDG to implement the reduction by an overall fac-
tor of 0.43 to the cross section from the exclusive pro-
cess γp → pη′. In Table I we list the coupling constants
compiled for the η′ and η(1295) in addition to η pho-
toproduction above. For the physical status of η(1295)
only the mass mη(1295) = 1294± 4 MeV and decay width
Γη(1295) = 55 ± 5 MeV are known. We follow the cou-
pling constants deduced from Ref. [13] to calculate total
cross section with the same ratio of the reduction as in
the case of η′.
Figures 3 and 4 show the differential and total cross
section for η′ and total cross section for η(1295). As be-
fore, the complex phase e−ipiα is chosen for both ρ + ω
Reggeons in both reactions. Data of differential cross
sections are from the CLAS measurement and the data
for the total cross section in Fig. 4 are from the AHHM
[27]. These reaction cross sections are scaled, as discussed
above. The angular distribution reproduced in Fig. 3 is
consistent with data. Nevertheless, in addition to the t-
channel exchanges, the underestimate of differential data
below
√
s ≈ 2.55 GeV implies the need for the contri-
bution of baryon resonances in the s- and u-channel in
order to reproduce the backward rise as well as the for-
ward enhancement in the cross section. As for the total
cross sections in Fig. 4, we first note that the model
prediction without correction is consistent with the ex-
clusive AHHM cross section [27] as shown by the dashed
curve. Within the present framework the η(1295) cross
section is smaller than the η′ by two orders of magni-
tude, and, hence, it is reasonable to neglect the η(1295)
production in the data analysis for f1 production from
the reaction γp → pηπ+π−, as performed by the CLAS
Collaboration.
III. f1(1285) PHOTOPRODUCTION ON THE
PROTON TARGET
A. Analysis of CLAS data from γp→ pf1 → pηpi+pi−
below
√
s = 3 GeV
In the CLAS experiment on the γp → pηπ+π− reac-
tion, the structure of f1(1285) was observed at mX ≃
1280 MeV of the γp missing mass spectrum with a great
statistics ≃ 1.5 × 105 × (1280) events. Since η(1295)
as well as f1(1285) is decaying to ηππ, care must be
taken for the potential overlap with each other to ex-
tract the structure associated with the f1(1285) with p-
wave decay and positive parity from the Dalitz analysis
of x → ηπ+π−. The experiment leads to a conclusion
on f1 with mass mf1 = 1281.0 ± 0.8 MeV and width
Γf1 = 18.4± 1.4 MeV which is narrower than PDG value
24.2± 1.1 MeV.
In the theoretical side, Kochelev [13] and Domokos
[14] calculated the reaction cross section for the exclusive
γp→ pf1 by using the Reggeized model for the t-channel
ρ and ω vector meson exchanges. As depicted in Fig. 1
where the outgoing η meson is now replaced by the f1
meson in the Feynman diagram, the following form of
the γV A coupling vertex,
ΓβγVA(k,Q)ηβ =
gγV A
m20
Q2ǫµναβǫµkνξ
∗
αηβ , (10)
is utilized in Ref. [13] for the t-channel vector meson
exchange. Here ξα(q) and ηβ(Q) are spin polarizations of
axial vector meson and vector meson with the momenta
q and Q, respectively. Given the V NN coupling vertex
5TABLE II. Estimate of γV A coupling constant from the decay
width of Ref. [6]a, Ref. [31]b, Ref. [4], and PDG which are
given in units of keV. For comparison we list gγρf1 = 0.59
b,
0.45c and 0.94d. gγωf1 = 0.152
c from these references.
gγV A CLAS[6] CQM[31] 4quark[4] PDG
f1 → ργ 0.54a 453a 509b 311c 1330d
f1 → ωγ −0.18b - 48b 34.3c -
in Eq. (3), the vector meson exchange is now written as
MV = ΓβγV A(k,Q)(−gβλ +QβQλ/m2V )
×u(p′)
(
gvV NNγ
λ +
gtV NN
4M
[γλ, /Q]
)
u(p)RV (s, t) (11)
with the hadron form factors of the form,(
Λ21 −m2V
Λ21 − t
)
and
(
Λ22 −m2V
Λ22 − t
)n
, (12)
which are assigned to the γV f1 and f1NN vertices, re-
spectively, in the amplitude in Eq. (11).
The decay width of the γV A vertex corresponding to
Eq. (10) is given by
ΓA→V γ =
1
96π
g2γV A
m40
m2V
m5A
(m2A +m
2
V )(m
2
A −m2V )3, (13)
and the coupling constant gγρ0f1 = 0.94 is determined
from the decay width Γf1→ρ0γ ≈ 1330 keV presently
reported in the PDG. The coupling constant gγωf1 =
−gγρf1/3 is taken from the quark model estimation.
However, with the trajectories and V NN coupling con-
stants given in Ref. [13], the model prediction for the
CLAS data is poor, even though the model assumes the
reduction of the calculated cross section by the branching
ration 35% as applied in Figs. 3 and 4 for comparison
with the CLAS cross section γp→ pf1 → pηπ+π−. The
crucial point of the issue is that the PDG width f1 → ρ0γ
chosen above is too large to agree with the CLAS data.
Theoretical estimates based on the QCD inspired mod-
els such as the constituent quark model (CQM) [31] and
the Four quark state with the triangle loop for the AV V
anomaly [4] suggest half the value of the current PDG fit.
Moreover, the width 453 ± 177 keV extracted from the
CLAS experiment further supports these smaller values
rather than the PDG one as shown in Table II.
Avoiding model dependence such as the cutoff mass
with form factors in Eq. (12), we perform the analysis of
the CLAS data with the decay width Γf1→ρ0γ = 453 keV
determined from the CLAS experiment. We then demon-
strate how the production mechanism could account for
the CLAS data, while comparing our results with Ref.
[13]. It is legitimate to consider simply the ρ + ω ex-
changes as in Fig. 1, because threshold energy of the
reaction,
√
sthres. ≈ 2.2 GeV is high enough to neglect
the nucleon resonances. (This might be a contradiction
to the conclusive remark in Ref. [6] that the production
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FIG. 5. Differential cross section dσ/dΩ versus cos θ for
γp → pf1 → pηpi+pi−. The solid cross sections are scaled by
a factor of 0.35 to account for the branching fraction from
the γp → pηpi+pi−. The (Green) dash-dot-dotted curve is
from Ref. [13] with Λ1 = 1.2 and Λ2 = 1.4 GeV and n = 1
for the γV f1 form factor. Data are taken from Ref. [6].
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FIG. 6. Total cross sections for γp → Pf1 → pηpi+pi− and
γp → pη(1295) → pηpi+pi−. Five data points in the f1 cross
section are obtained by integrating out the differential cross
sections given in Fig. 5 for illustration purposes. The cross
sections are scaled by the same factors as in Figs. 4 and 5,
respectively. For comparison the cross section for f1 from
Ref. [13] is presented by the green dash-dot-dotted curve.
The cross section for γp → η(1295)p scaled by 43% is shown
to be negligible in the region overlapping with f1 production.
mechanism is more consistent with s-channel decay of a
high-mass N∗ state and not with t-channel meson ex-
change, because hadron models of the t-channel meson
exchange including Ref. [13] are insufficient to reproduce
the CLAS data.)
In the Table II we choose gγρf1 = 0.54 from the CLAS
width and gγωf1 = −0.18 from the Relativistic quark
model which resumes the ratio of gγρ0f1/gγωf1 ≈ −3.
With the V NN coupling constants in Table I and the
vector meson trajectories in Eqs. (7) and (8), we repro-
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FIG. 7. Differential cross section and beam polarization asym-
metry for f1, η
′, and η(1295) photoproductions from the
CLAS experiment γp → pηpi+pi−. Differential cross sections
scaled by the respective factors are predicted as a function of√
s at the production angle θ∗ = 40◦ in the center of mass sys-
tem. The t-dependence of beam polarizations are presented
at Eγ = 9 GeV with the same notation as in the differential
cross sections.
duce the CLAS differential cross section in Fig. 5. In or-
der to describe the exclusive γp→ pf1 reaction from the
CLAS data which are extracted from the γp→ pηπ+π−
in the final state, we have to consider a scaling of the cross
section by the fraction Γf1→ηpi+pi−/Γf1→all ≈ 0.35, simi-
lar to the case of η′ photoproduction, as before. As the
differential cross section data show no oscillatory behav-
ior, the complex phase e−ipiαρ(t) for the ρ is mandatory
and the canonical phase 1/2(−1+e−ipiαω(t)) is chosen for
ω to be consistent with data. The roles of ρ and ω are dis-
played at
√
s = 2.55 GeV. The (green) dash-dotted curve
results from Ref. [13] with the cutoff masses Λ1 = 1.2
and Λ2 = 1.4 GeV together with n = 1 for the form fac-
tors. In the model only gγV f1 is taken the same as ours
for comparison. It is shown that the cross section is too
much suppressed in the nonforward direction due to the
form factors, which is different from the present approach
without form factors.
Total cross sections for f1 and η(1295) photoproduc-
tions are shown in Fig. 6. For reference purposes, we
present the f1 cross section data by integrating out the
differential cross section data in Fig. 5 over the angle.
The respective contributions of ρ and ω exchanges are
shown with the same notations. The dash-dot-dotted
curve from Ref. [13], as in Fig. 5, yields the smaller
cross section at low energy. The cross section for η(1295)
photoproduction is shown with a correction by the fac-
tor of 0.43. By comparison we agree with the negligence
of η(1295) component in the CLAS analysis of f1(1285)
cross section from the reaction γp→ pηπ+π−.
For further studies on the CLAS data, we present the
energy dependence of differential cross section at the for-
ward angle θ = 40◦ (corresponding to a forward peak at
cos θ ≈ 0.75 and √s = 2.75 GeV in Fig. 5) in Fig. 7
for f1(1285), η(958), and η(1295) cross sections involved
in the overlapped potential region. The discrimination
between these reactions is more apparent in the beam
polarization Σ as can be seen in Fig. 7. As the present
model includes only the natural parity exchanges of ρ and
ω, the Σ is always positive. But, the different size of the Σ
between pseudoscalar and axial vector meson photopro-
ductions reveals the different scheme of the interference
between ρ and ω Reggeons among these reactions.
B. Primakoff effect in the f1 process
Now that the decay f1 → γ∗γ is another source of
the reaction γp → pf1 to proceed in the forward direc-
tion, the virtual photon exchange serves to the exclusive
f1 photoproduction via one of the two photons off-mass
shell in the t-channel. This is the so-called the Primakoff
effect which is observed at very forward angles, in gen-
eral, in the photoproduction of charge-neutral meson of
C-parity even [17, 18]. The Primakoff effect provides an
opportunity to test non-perturbative properties of QCD
through the mixing of the nonet members in the axial
anomaly [19]. Moreover, as the virtual photon exchange
is not to be reggeized, it is not subject to the energy de-
pendence sα(0)−1 at high energies. Therefore, by virtue
of it, such energy independent behavior is expected in the
reaction, as in the case of the Pomeron exchange at high
energies in vector meson photoproduction. The nature of
the Pomeron and virtual photon exchange is, of course,
quite different. Because the origin of the former process
comes from strong interaction by the exchange of two
gluon correlation [32], whereas the latter exchange results
from the axial anomaly in the presence of electromagnetic
interaction. Thus, this subprocess in the t-channel will
be an example of seeking the nonmesonic process that
can survive at high energies in the photoproduction of
axial vector meson.
Given the γV A vertex in Eq. (10), we replace the
vector meson polarization ηβ by the virtual photon ǫ
′
β
with 4-momentum Qµ in the t-channel for the virtual
photon exchange. Then, the γ∗ exchange is now written
as
Mγ∗ = −Γβγγ∗A(k,Q)Fρ(t)
(−gβλ)
t
×e u(p′)
(
eNγ
λ +
κN
4M
[γλ, /Q]
)
F1(t)u(p) , (14)
where the coupling constant gγV A in Eq. (10) is read
as gγγ∗A and the vector meson polarization η as ǫ with
the vector meson propagator and V NN vertex replaced
by the virtual photon propagator and γNN vertex in Eq.
7(11). eN = 1 for proton with κp = 1.79 and 0 for neutron
with κn = −1.91. The coupling constant gγγ∗A now in
Eqs. (10) and (14) cannot be estimated from the decay
width as before, because of vanishing of Q2 for the case
of real photons. Following Ref. [4], we determine the
coupling constant gγγ∗A in Eq. (10) as
gγγ∗A
m20
= 8παF
(0)
AV γ∗γ∗(m
2
f , 0, 0), (15)
which yields gγγ∗f1=0.043 by taking F
(0)
AV γ∗γ∗(m
2
f , 0, 0) =
(0.234± 0.034) GeV−2 from the PDG.
Since we are dealing with the virtual photon exchange,
the following vertex form factors
Fρ(t) =
(
1− t/m2ρ
)−1
, (16)
F1(t) =
4M2 − 2.8t
(4M2 − t)(1− t/0.71GeV2)2 (17)
are introduced to γγ∗f1 and γ
∗NN vertices in the t-
channel. By the vector meson dominance, a combination
of ρ-ω-φ meson poles should be applied to the γγ∗f1 ver-
tex with the mixing between ρ+ω and φ vector mesons as
discussed in Ref. [17] for the cases of γγ∗η and γγ∗η′ ver-
tices. Suppose that there is no difference between vector
meson masses, then, these form factors lead roughly to a
unity as the mixing has no meaning between ρ+ω and φ
[17]. Thus, we choose the ρ-meson pole here as a repre-
sentative for simplicity. For the γ∗NN vertex, we employ
the nucleon isoscalar form factor in Eq. (17) which re-
places the Dirac form factors F1 and F2, as discussed
in Ref. [33]. The form factors in Eqs. (16) and (17)
with cutoff masses are well established in other hadronic
processes so that we have no model dependence in calcu-
lating reaction cross sections for the γp→ pf1 reaction.
In Fig. 8 differential cross section is presented at for-
ward angles below θ = 35◦ at
√
s = 6 GeV and total cross
section is shown up to
√
s ≈ 50 GeV in Fig. 9. Since
there is no information about the sign of the γγ∗f1 cou-
pling relative to that of the vector meson exchange, γV f1,
the cross section is shown for both signs of gγγ∗f1 for il-
lustration purposes. The solid and dashed (red) curves
are from the full calculation of the differential and to-
tal cross sections corresponding to positive and negative
signs. The exchange of γ∗ is denoted by the dotted curve
in both cross sections.
It is found that in the total cross section the role of
form factor Fρ(t) in Eq. (16) is negligible. However,
without the nucleon isoscalar form factor F1(t), the cross
section is highly divergent, as can be seen by the dash-
dotted curve. The energy dependence of the cross section
shows a growth of the Primakoff effect up to
√
s ≈ 5 GeV
and remains constant, i.e., σ ≈ 0.1 nb up to √s ≈ 50
GeV. Beyond
√
s ≈ 25 GeV the contribution of γ∗ ex-
change becomes stronger than those of the vector me-
son exchanges which are decreasing by the energy de-
pendence ∼ sαV (0)−1.
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FIG. 8. Differential cross section for the exclusive γp → pf1
reaction as a function of angle θ. The Primakoff effect
between positive and negative sign of the coupling constant
fγγ∗f1 shows a different angle dependence below θ ≈ 5◦.
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FIG. 9. Total cross section for the exclusive γp→ pf1 process
up to
√
s = 50 GeV. Contributions of γ∗ and ρ+ω exchanges
are shown by the dotted and dash-dotted curves, respectively.
The solid (dashed) curve corresponds to total cross section
with the relative sign of γ∗ exchange positive (negative) to
vector meson exchanges. The exchange of γ∗ gives the con-
tribution σ ≈ 0.25 nb at √s ≈ 50 GeV persistent up to the
higher energies. The solid cross section without form factor
F1(t) diverges, as shown by the dash-dot-dotted curve.
C. Primakoff effect in pseudoscalar meson
photoproduction
Pseudoscalar meson photoproduction is a typical reac-
tion to observe the Primakoff effect by the γ∗ exchange
[17][18]. A precise measurement of the Primakoff effect
has been advocated to test the nonperturbative QCD
based on the flavor mixing of the chiral symmetry [19].
Here we shall reproduce the Primakoff effect in the pho-
toproduction of π0 and η as well as η′ in the PrimEx
energy region [19] and compare the result with the data
available. Nevertheless, our interest in this issue is still
8more in understanding the role of the nonmesonic scatter-
ing in the pseudoscalar meson photoproduction at high
energies, as demonstrated in the f1 photoproduction.
For the Primakoff effect the virtual photon exchange
in the η photoproduction is written as
Mγ∗ = fγγ
∗η
mη
Fγγ∗η(t)ǫ
µναβǫµkνQα
(−gβλ)
t
×e u¯(p′)
(
eNγ
λ +
κN
4M
[γλ, /Q]
)
F1(t)u(p), (18)
where the vertex form factors Fγγ∗η(t) and F1(t) are
given by Eqs. (16) and (17), respectively. The radia-
tive coupling constant fγγ∗η is estimated from the decay
width
Γη→γγ =
f2γγηmη
64π
(19)
with the PDG value taken for the η → γγ decay.
In Fig. 10 the differential cross sections for γp → pη
with the DESY data [23], and γp → pη′ and γp →
pπ0 [34] are presented to exhibit the role of γ∗ ex-
change at very forward angles. The solid curve results
from the ρ + ω + γ∗ exchanges in Eqs. (5) and (18)
with fγγ∗η/mη = −0.014/mη from Γη→γγ = 0.52 keV,
fγγ∗η′/mη′ = −0.03/mη′ from Γη′→γγ = 4.28 keV and
fγγ∗pi0/mpi0 = +0.00342/mpi0 from Γpi0→γγ = 7.74 eV
cases, respectively [35]. The coupling constants gγpi0ρ =
0.255 and gγpi0ω = 0.7 are used for the π
0 cross sections
with the V NN coupling constants given in Table I. The
trajectories are taken the same as the η case, but the
phase e−ipiαρ and 12 (−1 + e−ipiαω) are chosen for ρ0 and
ω, respectively. In the case of η, the negative sign is cho-
sen for the constructive interference between γ∗ and ρ+ω
exchanges. However, the result shows a discrepancy with
experimental data, in particular, below θ ≈ 5◦, which is
comparable to that of Ref. [17] at the same energy. In
order to agree with the data the coupling constant fγγ∗η
should grow by three times larger than the one given
above, as shown by the (red) dash-dot-dotted curve. In
this case the result is similar to Ref. [18]. This is, how-
ever, unattainable, even though the maximum value for
the mixing angle is chosen between η0 and η8, when we
express the decay width η → γγ and η′ → γγ as in Eqs.
(20) and (21) given below.
In consideration of the mixing of the SUf(3) flavor
singlet and octet members the decay widths for η → γγ
and η′ → γγ are written as [19]
Γη→γγ =
α2
64π3
m3η
3f2pi
(
fpi
fη8
cos θp −
√
8
fpi
fη0
sin θp
)2
, (20)
Γη′→γγ =
α2
64π3
m3η′
3f2pi
(
fpi
fη8
sin θp +
√
8
fpi
fη0
cos θp
)2
, (21)
where fη0 and fη8 are the flavor singlet and octet decay
constants and θp is the mixing angle for pseudoscalar
mesons. They are estimated as fη8 ≈ 1.3fpi by ChPT
and fη0 ≈ fpi in the Large Nc limit. The ratio measured
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FIG. 10. Differential cross sections for γp→ pη in (a) and (b),
γp → pη′ in (c) and (d), and γp → ppi0 in (e) and (f). The
(red) dash-dot-dotted, (blue) dash-dotted, and solid curves
result from the case of coupling constant fγγ∗η as denoted in
the panel (a), respectively. In (f) the dip at θ ≈ 18◦ is due
to the nonsense zero of ω exchange. Data of η and of pi0 pro-
duction are taken from Ref. [23] and Ref. [34], respectively.
in the experiment
R =
1
3
(
f2pi
f2η8
+ 8
f2pi
f2η0
)
= 2.5± 0.5 (22)
is consistent with the theoretical estimates, fpi/fη0 =
0.93 with fpi/fη8 = 1/1.3.
Let us now make an estimate of the decay width based
on Eqs. (20) and (21). In terms of fη0 = 100.1 MeV
and fη8 = 121 MeV that are given by taking fpi = 93.1
MeV above, the η decay width 0.52 keV taken here corre-
sponds to the mixing angle θp ≈ −23.4◦. At the angle the
corresponding η′ decay width leads to 4.03 keV from Eq.
(21), which is close to the empirical value quoted above.
In practice the maximum angle θp in Eq. (20) exists at
−74◦ (or 106◦), which yields the decay width 1.27 keV.
The (blue) dash-dotted curve corresponds to the decay
width at such an angle θp with fγγ∗η = −0.022, which
is, however, still deficient to agree with data. Moreover,
in that case the η′ decay width from Eq. (21) is van-
ishing, i.e about 0.2 eV at the angle. Therefore, from
the relations between η and η′ mixing above, the cou-
pling constant fγγ∗η = |0.042| cannot be achievable and
we notice that the discrepancy below the production an-
gle θ ≈ 5◦ can no longer be covered over even with the
mixing angle maximally allowed. In future experiments
such as the PrimEX project at CLAS 12 GeV a precise
measurement of the cross section at very forward angles
is desirable to decide whether such a disagreement is still
due to a theoretical deficiency, or an experimental uncer-
tainty.
Figure 11 shows total cross sections for γp → pπ0,
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FIG. 11. Primakoff effect in γp→ ppi0, γp→ pη and γp→ pη′
reactions at high energies. The dotted curve is the contribu-
tion of γ∗ exchange which shows a nearly energy independent
behavior up to
√
s ≈ 250 GeV. The rapid peak of the total
cross section near threshold is reproduced by the ρ + ω ex-
changes depicted by the dashed curve in the η′ process, for
instance.
γp → pη, and γp → pη′ reactions up to √s ≈ 250 GeV.
The solid cross sections are from the exchanges ρ+ω+γ∗
in the t-channel. Beyond
√
s ≈ 100 GeV where there ex-
ists the dominating γ∗ exchange, the π0 and η cross sec-
tions are persistently scaled to a common limit σ ≃ 1.5 nb
around
√
s ≃ 250 GeV. This coincidence is understood, if
one notes that fγγ∗pi0 ≈ fγγ∗η in unit of GeV−1. The η′
cross section reaches at the limit σ ≃ 2.2 nb with the cou-
pling constant larger than the two. Together with the f1
case as shown in Fig. 9, the role of γ∗ exchange in these
cross sections scaling up to 250 GeV can be compared
to that of the Pomeron exchange in the vector meson
photoproduction. The limit of the cross section at high
energies is determined only by the coupling strength of
each meson decaying to two gamma’s. Therefore, a mea-
surement of the η and η′ cross sections at such limiting
energies enables us to determine the mixing angles from
Eqs. (20) and (21).
Before closing this section, we would give a remark
on the specialty of photoproductions of pseudoscalar and
axial vector meson, which exhibits the dynamical fea-
tures as interesting as the Pomeron exchange in the vec-
tor meson photoproduction at high energies. Of course,
in these reactions besides the virtual photon exchange
we note that there is an important mechanism to prove
QCD, called the exchange of Odderon which can be an-
other entity comparable to the Pomeron. Likewise the
Pomeron exchange in the high energy vector meson pho-
toproduction, the search of the Odderon is a most inter-
esting topic to study the role of odd numbers of gluons in
hadron reactions. Thus, to predict the γ∗ exchange as in
Figs .9 and 11 should be important to find out the Odd-
eron exchange in future experiments, if available at such
high energies. This topic will be our next work which
appears elsewhere.
IV. SUMMARY
The first half of the present work is devoted to analyz-
ing CLAS data on the η′ and f1(1285) photoproductions
based on the ρ+ ω Reggeon exchanges. The observables
of η photoproduction is reproduced to confirm the valid-
ity of the vector meson contributions, prior to the studies
of the η′ and η(1295) photoproductions. To describe the
exclusive reaction γp → pη′ from the multi-meson pho-
toproduction in the final state γp → pηπ+π−, and sim-
ilarly in the case of η(1295), the reaction cross section
is corrected by the branching ratio, taking into account
the final decay mode reported in the PDG. The Regge
calculation of axial vector meson f1(1285) photoproduc-
tion is performed within the same framework. It is found
that the η(1295) photoproduction is small enough to be
neglected in the reconstruction of γp→ pf1 from the re-
action γp → pηπ+π−. Our model could reproduce the
differential cross section to a good degree, if the branch-
ing ratio for f1 → ηπ+π− of 35% and the decay width
453 keV are feasible to use. To demonstrate the pro-
duction mechanism different between pseudoscalar and
axial vector meson photoproduction, predictions for the
energy dependence of differential cross sections and the
t-dependence of the beam polarization asymmetry are
presented. In particular, the beam polarization asymme-
try shows the feature quite contrasting to each other.
The rest of the present work is focused on the exclusive
f1 photoproduction with a special interest in the search
of nonmesonic scattering process such as the Pomeron
exchange in the vector meson photoproduction. The Pri-
makoff effect by the virtual photon exchange shows the
behavior of energy independence at high energies so that
the total cross section remains constant persistently up
to
√
s ≈ 50 GeV with the size of σ ≈ 2 nb. This feature
from the virtual photon exchange is also implemented in
the pseudoscalar meson photoproduction with the cross
section approaching to the limiting value 1.5 nb in the
π0 and η, and 2.2 nb in the η′ cases at high energies.
These results provide useful information for the study
of the Primakoff effect by the PrimEX project at CLAS
12 GeV, and also the detailed analysis of γp→ pηπ+π−
reaction presented in this work helps searching for exotic
mesons via multimeson photoproduction in the GlueX
project at the Jefferson Lab.
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